Sensitivity of a plasmonic detector is enhanced by integrating a broadband log-periodic antenna with a two-dimensional plasma cavity that is defined by source, drain, and multiple gates of a GaAs/AlGaAs high electron mobility transistor. Both narrow-band terahertz detection and a rich harmonic spectrum are evident. With a bolometric sensor in the channel, we report responsivity, on resonance at 235-240 GHz and at 20 K, of up to 7 kV/W and a noise equivalent power of 5 ϫ 10 −10 W / Hz 1/2 . © 2010 American Institute of Physics. ͓doi:10.1063/1.3513339͔
Sensitivity of a plasmonic detector is enhanced by integrating a broadband log-periodic antenna with a two-dimensional plasma cavity that is defined by source, drain, and multiple gates of a GaAs/AlGaAs high electron mobility transistor. Both narrow-band terahertz detection and a rich harmonic spectrum are evident. With a bolometric sensor in the channel, we report responsivity, on resonance at 235-240 GHz and at 20 Recent research has yielded myriad advances in terahertz ͑THz͒ detector technology [1] [2] [3] [4] [5] [6] but narrow-band, electronically tunable THz detection with high sensitivity has not yet been fully realized. Resonant absorption by twodimensional ͑2D͒ plasmons presents an avenue to achieve this important capability. Sufficiently sensitive detectors would make possible THz spectroscopic single-point elements and imaging arrays. 2D plasmons in both Si metaloxide-semiconductor field-effect transistors and III-V semiconductor heterostructures have long been exploited to establish a resonant mechanism to sense THz radiation in a solid-state device. [7] [8] [9] [10] [11] Previous work by Shaner et al. used a relatively large area grating coupler to excite 2D THz plasmons in a GaAs/AlGaAs high electron mobility transistor ͑HEMT͒ and subsequently enhanced the detector signal by integrating a bolometric sensor 12, 13 and by mounting the detector on a thin membrane.
14 In this letter, we describe a plasmonic detector in which the grating coupler is replaced by a micron scale plasmonic cavity with a bolometric sensor at the vertex of a log periodic antenna. Excitation of 2D plasmons in short-channel HEMT structures was recently used for THz detection by Knap et al. 15 However, our device implementation is fundamentally different. The responsivity of the devices discussed in this letter is enhanced three orders of magnitude over previous detectors with grating couplers; the sensitivity and response time are approaching the requirements of a focal plane array for video rate spectroscopic THz imaging.
The detector ͑Fig. 1͒ was fabricated from a double quantum well GaAs/AlGaAs heterostructure ͑Sandia wafer EA1149͒ with a total electron density of 4.14ϫ 10 11 cm −2 , a low temperature mobility of ϳ10 6 cm 2 / V s and gate pinch off voltage of V TH = −2.4 V. The quantum wells are 400 nm below the surface, 20 nm thick, and spaced 7 nm from each other. A 14 m long by 10 m wide channel is defined by a mesa etch and the source and drain Ohmic contacts. After three 2 m wide gates spaced from neighboring terminals by 2 m are fabricated, a 1.5 mm diameter broadband logperiodic antenna is overlaid on top of the annealed GeAu source and drain contacts. A similar design of a three gate plasmonic detector was theoretically considered by Ryzhii et al. 16 The antenna couples radiation polarized parallel to the current flow in the HEMT. The gate labeled barrier gate ͑BG͒ is biased beyond threshold and the pinched off channel serves as an integrated bolometric sensor. 12 Due to the depletion of the channel below the BG, 2D plasma cavities are formed between source and BG and BG and drain. The effective electron density in each cavity can be modulated by the source gate ͑SG͒ and drain gate ͑DG͒, respectively.
The detector response as a function of frequency and bias point has been characterized using the UCSB free electron laser ͑FEL͒ as a pulsed THz source. The multigate transistor is operated at 20 K with BG biased beyond depletion to V BG = −2.5 V and drain current set to I SD = +500 nA such that carriers are drifting from source toward the bolometric element. Thus the detector is preferentially sensitive to carriers heated in the cavity between source and BG, and bias applied to the SG tunes the 2D plasma resonance in the source-side cavity. For a fixed bias current, the detector signal is measured as the change in source-drain voltage, ␦V SD .
The signal is converted to responsivity using an absolute power meter to determine incident power. The response, shown in Fig. 2 , is not corrected for losses in the window and any beam/detector cross section mismatch.
With 420 GHz excitation, two plasmon cavity modes are evident with peaks at gate biases of approximately V SG = −0.7 V and V SG = −1. tional mode appears at V SG = −1.9 V. Mapping of plasmon modes measured from 180 to 600 GHz in Fig. 2͑b͒ demonstrates that the modes shown in Fig. 2͑a͒ correspond to the second, third, and fourth excited modes. These plasma resonances are similar to those observed by Kang et al. in the 1-10 GHz range for HEMTs with wider gates at commensurate carrier densities that consequently result in sub-THz resonant frequencies. 17, 18 The fundamental mode is at approximately 240 GHz with V SG = 0 V. Plasmonic modes are plotted as a function of ñ / n 0 where ñ is the equilibrium 2D electron gas ͑2DEG͒ density under the SG and n 0 is the ungated 2DEG density. The 2DEG density below the SG is calculated assuming a capacitive coupling between gate and channel where ñ = n 0 ͑V TH −V SG ͒ / V TH .
To 
͑2͒
Here, ␦n͑x͒ and ␦v͑x͒ are fluctuations of the electron density and average velocity; n = n eq + ␦n, where n eq is an equilibrium 2DEG density ͑different in gated and ungated regions͒, and x and z axes are chosen in the source-drain direction and perpendicular to the 2D channel plane, respectively. At a given frequency , linearized solutions of Eqs. ͑1͒ and ͑2͒ can be found for both gated and ungated regions of the cavity. In these calculations we neglect damping of the electron density fluctuations due to scattering and also screening of the plasma oscillations in the gated regions because the 2DEG is sufficiently distant from the gate metallization. This latter approximation is more accurate for higher order modes. To find the plasmon dispersion law and distribution of electron density in the cavity plasma wave we used boundary conditions ␦n͑0͒ = 0 and ␦v͑L͒ = 0, where L is the distance between the source and the BG. These boundary conditions correspond to the zero density fluctuation at the grounded Ohmic source contact and zero drift current density at the BG where the channel is completely depleted. [20] [21] [22] Spatial distribution of the electric potential in the plasma wave in the narrow region near the boundary between the gated and ungated parts of the cavity has a complicated structure due to different equilibrium 2D electron density on the opposite sides of the boundary. Instead of calculating the details of the electric potential distribution in this region we have invoked ad-hoc hydrodynamic boundary conditions and assumed the continuity of ␦n͑x͒ and plasma current density en eq ␦v͑x͒ at this boundary. The seven lowest plasma frequencies found within this model are plotted in Fig. 2͑b͒ together with the experimental data as a function of ñ / n 0 . Results in Fig. 2͑b͒ were found for L =6 m and n 0 = 4.2ϫ 10 11 cm −2 . With no electron density modulation, i.e., V SG =0 ͑ñ = n 0 ͒, 2D plasma resonances occur at the following:
and coincide with the plasma frequencies found in Ref. 20 . In the strong modulation limit, ñ / n 0 Ӷ 1, plasma frequencies approach the value of,
By examining the spatial distribution, ␦n͑x͒, we determine that the frequencies in Eq. ͑4͒ describe plasmon modes localized under the SG. There is excellent agreement between the fundamental mode in both experiment and model calculations. However, fewer higher order modes are seen experimentally than theoretically. We hypothesize that the coupling to certain modes is too weak to be seen in the pulsed source experiments.
Optimized detector sensitivity has been characterized using a continuous wave ͑CW͒ submillimeter source based on a series of Schottky multipliers designed by Virginia Diodes Inc.. The detector is biased utilizing the same scheme as in the pulsed experiments with FEL but the signal is measured using standard lock-in techniques by chopping the CW source. A second sample with identical design and operation was used for the CW characterization. Figure 3͑a͒ Higher order plasmon modes are evident as the source gate voltage is tuned. The detector is operated at T =20 K, I SD = 500 nA, and V BG = −2.5 V. ͑b͒ Four experimentally measured plasmon modes ͑squares, circles, upward triangles and downward triangles͒ are plotted as a function of ñ / n 0 with the first seven theoretically calculated modes ͑lines͒.
circuit time constant. 13 Figure 3͑b͒ shows the resonant response at 270 GHz as the detector temperature is increased. The resonant features remain evident up to 75 K; the width of the resonances does not appear to change appreciably. The width is not limited by mobility but most likely by radiation damping mediated by the coupling of the plasmon cavity to free space by the antenna. It is important to note that the responsivity only falls by a factor of four at 55 K, despite the fact that no effort was made to optimize the detector operating point at elevated temperatures.
The noise equivalent power ͑NEP͒ has been measured for detectors with both pulsed and modulated CW sources at 20 K. Using a pulsed source, we measured a responsivity of 2.5 kV/W with 240 GHz excitation. We calculate from this responsivity an optimal NEP of 4.6ϫ 10 −10 W / Hz 1/2 based on noise density measurements with 150 Hz modulation. For CW experiments performed on a second sample, the optimal NEP was 5.4ϫ 10 −10 W / Hz 1/2 with 236.5 GHz excitation and 750 Hz modulation. The peak responsivity measured was 6.7 kV/W. Both demonstrate sub-nW/ Hz 1/2 NEPs and responsivities well above 1 kV/W at approximately the same excitation frequency corresponding to the fundamental 2D plasmon mode. With an additional improvement of two to three orders of magnitude in the NEP while maintaining the 1.7 ms time constant, the antenna coupled, 2D plasmonic cavity with bolometric sensor is an excellent candidate for real-time, narrowband, tunable THz imaging. 
